The basal forebrain (BF) plays a crucial role in cortical activation [1, 2] . However, the exact role of cholinergic BF (ch-BF) neurons in the sleep-wake cycle remains unclear [3, 4] . We demonstrated that photostimulation of ch-BF neurons genetically targeted with channelrhodopsin 2 (ChR2) was sufficient to induce an immediate transition to waking or rapid eye movement (REM) sleep from slow-wave sleep (SWS). Light stimulation was most likely to induce behavioral arousal during SWS, but not during REM sleep, a result in contrast to the previously reported photostimulation of noradrenergic or hypocretin neurons that induces wake transitions from both SWS and REM sleep. Furthermore, the ratio of light-induced transitions from SWS to wakefulness or to REM sleep did not significantly differ from that of natural transitions, suggesting that activation of ch-BF neurons facilitates the transition from SWS but does not change the direction of the transition. Excitation of ch-BF neurons during wakefulness or REM sleep sustained the cortical activation. Stimulation of these neurons for 1 hr induced a delayed increase in the duration of wakefulness in the subsequent inactive period. Our results suggest that activation of ch-BF neurons alone is sufficient to suppress SWS and promote wakefulness and REM sleep.
The basal forebrain (BF) plays a crucial role in cortical activation [1, 2] . However, the exact role of cholinergic BF (ch-BF) neurons in the sleep-wake cycle remains unclear [3, 4] . We demonstrated that photostimulation of ch-BF neurons genetically targeted with channelrhodopsin 2 (ChR2) was sufficient to induce an immediate transition to waking or rapid eye movement (REM) sleep from slow-wave sleep (SWS). Light stimulation was most likely to induce behavioral arousal during SWS, but not during REM sleep, a result in contrast to the previously reported photostimulation of noradrenergic or hypocretin neurons that induces wake transitions from both SWS and REM sleep. Furthermore, the ratio of light-induced transitions from SWS to wakefulness or to REM sleep did not significantly differ from that of natural transitions, suggesting that activation of ch-BF neurons facilitates the transition from SWS but does not change the direction of the transition. Excitation of ch-BF neurons during wakefulness or REM sleep sustained the cortical activation. Stimulation of these neurons for 1 hr induced a delayed increase in the duration of wakefulness in the subsequent inactive period. Our results suggest that activation of ch-BF neurons alone is sufficient to suppress SWS and promote wakefulness and REM sleep.
Results

Photoactivation of ch-BF Neurons in ChR2-EYFP Transgenic Mice
To confirm that the expression of channelrhodopsin 2 (ChR2) was restricted to cholinergic neurons, we carried out immunohistochemical detection of choline acetyltransferase (ChAT) in the basal forebrain (BF) of ChAT-ChR2-EYFP transgenic mice (ChAT mice). We found that out of 532 EYFP neurons examined, 97.6% 6 0.9% were ChAT positive. Conversely, 94.9% 6 1.0% of ChAT-positive cells also expressed EYFP (Figures S1A-S1C available online).
To test the function of ChR2 expressed in cholinergic BF (ch-BF) neurons, we performed whole-cell recordings in brain slices ( Figures S1D and S1E) . Application of 30 ms photostimulation at 5-20 Hz reliably induced repetitive bursts of action potentials in ChR2-expressing ch-BF neurons ( Figure S1E ). Furthermore, most ch-BF neurons were Fos activated after in vivo photostimulation ( Figure S1F ). Together, these results suggested that ChR2 was selectively expressed in ch-BF neurons of the ChAT mice and was driven by blue light with high temporal precision.
Stimulation of ch-BF Neurons during SWS Causes Immediate Transitions to Wakefulness or REM Sleep
To establish a correlation between stimulation strength and the sleep-wake behavioral responses, we applied 30 ms photostimulation at 10 or 20 Hz for 1-15 s in the inactive period (13:00 to 17:00) and calculated the probability of slow-wave sleep (SWS)-to-waking transitions within 15 s after the onset of light stimulation. We found that light stimulation at 20 Hz was more effective in promoting waking events than 10 Hz ( Figure S2A ), consistent with the previous report that ch-BF neurons fire bursts at w20 Hz during the waking state and rapid eye movement (REM) sleep [5] . As the duration of stimulation increased, the probability of SWS-to-waking transitions also increased. The cumulative probability contribution of SWS-to-waking transitions induced by 20 Hz light stimulation is shown in Figure S2B . We thus used 30 ms photostimulation at 20 Hz for 15 s in the subsequent experiments.
We found that photostimulation delivered 12 s after the onset of SWS during the inactive period frequently caused an immediate SWS-to-waking transition within 15 s light stimulation in the ChAT mice ( Figures 1A, 1B , and 2A and Movie S1). Along with the immediate SWS-to-waking behavioral transition and electromyographic (EMG) activity after photostimulation, the cortical electroencephalogram (EEG) power also changed, characterized by decreased slow-wave (delta, 0.5-4 Hz) and increased theta-wave (4-10 Hz) activity ( Figure 1B and Movie S1). In some cases, an SWS-to-REM transition occurred during the 15 s photostimulation, characterized by a frequency shift to faster components of the EEG power without apparent behavioral arousal and EMG activity ( Figures 1C and 2A and Movie S2). The photostimulation of ch-BF neurons during SWS also reduced the duration of the SWS episode in the ChAT mice ( Figure 2B ). Light stimulation during the active period (22:00 to 01:00) similarly induced an increased transition of SWS-to-waking and SWS-to-REM, as well as reduced SWS duration in ChAT mice ( Figures 2C and 2D) .
Since light stimulation during SWS promoted transitions to both wakefulness and REM sleep, we examined whether the light-induced transitions have a preference for either wakefulness or REM sleep, as compared with natural transitions from SWS (transitions after the end of SWS episodes without light stimulation in ChAT mice or control light stimulation in wildtype [WT] mice). We found that the ratios of SWS transitions to wakefulness and REM sleep were around 80% and 20%, respectively, either when these transitions were induced by light or occurred naturally ( Figure 2E ). These results suggest that light stimulation may only facilitate the SWS transition to the next episode of wakefulness or REM sleep, but does not change the fate of the transition. Interestingly, the duration of the light-induced wakefulness or REM sleep was significantly shorter than natural wakefulness or REM sleep ( Figure 2F ).
The EEG power of the induced wakefulness and REM sleep during 15 s photostimulation was compared with 15 s natural wakefulness or REM sleep sampled around the same time (inactive period) on the previous day. We found that the total theta power (4-10 Hz) of the light-induced waking or REM sleep was not significantly different from that of natural waking or REM sleep. However, when the theta component was divided into two bands, we found that the low theta power (4-7 Hz) of the light-induced REM sleep was slightly increased, whereas the high theta power (7-10 Hz) of the light-induced waking or REM sleep was significantly decreased as compared with natural wakefulness or REM sleep ( Figures S3A and S3B) . The high theta range has been associated with active exploratory behavior and attentive wakefulness, while the delta and low theta ranges have been associated with increased sleep pressure and drowsiness during wakefulness [6] . 
Photostimulation of Ch-BF Neurons during the Waking State and REM Sleep Prolonged Their Durations
To further explore the roles of ch-BF neurons in controlling sleep and wakefulness, we applied photostimulation 12 s after the onset of the awake or REM state. Interestingly, stimulation during REM sleep failed to induce an immediate transition to wakefulness in the ChAT mice ( Figures 1D, 2G , and 2H and Movie S3). On the contrary, the probability of a REM-to-waking transition during the 15 s stimulation period was evidently lower in the ChAT mice than in the WT mice ( Figure 2G) , possibly due to a lightinduced increase in the duration of the REM sleep episode ( Figure 2H) . Similarly, stimulation applied during wakefulness extended the duration of wakefulness ( Figures 1E and 2H ). There was no detectable frequency shift in the theta waves of REM sleep or wakefulness during the 15 s stimulation (Figures 1D and 1E ).
Long-Term Effects of Photostimulation of Ch-BF Neurons
To investigate whether continuous photostimulation of ch-BF neurons has long-term effects on sleep architecture, we analyzed the amount of wakefulness, SWS, and REM sleep per hour during the 24 hr after 1 hr of photostimulation (30 ms pulses at 20 Hz for 15 s, once per minute). We found that stimulation during the inactive period (07:00 to 08:00) in the ChAT mice increased the amount of wakefulness and decreased the amount of SWS at a latency of several hours ( Figures 3A and 3B) . The stimulation increased the total duration of wakefulness and decreased the total duration of SWS during the subsequent 48 hr. There was no significant difference in the total duration of REM sleep between ChAT and WT mice (Figures 3C and 3D) .
Interestingly, we found that photostimulation of ch-BF neurons during the active period (21:00 to 22:00) also increased wakefulness and decreased SWS in the subsequent inactive period (Figures 4A and 4B) . The amount of REM sleep was only slightly decreased at 09:00 ( Figure 4A ). After 1 hr of stimulation during the active period, the total duration of wakefulness increased and that of SWS decreased in the subsequent 24 hr in the ChAT mice. There was no significant difference between ChAT and WT mice in the total duration of REM sleep after stimulation in the active period ( Figures 4C and 4D ).
Discussion
Although BF cholinergic neurons have long been thought to play important roles in cortical activation and sleep-wake behavior [2, 7] , inconsistent results have been reported. Microinjection of neurotensin into the BF, a procedure proposed to relatively selectively stimulate cholinergic neurons, induces cortical activation characterized by decreased SWS, enhanced REM sleep, and increased time in a quiet waking state with low EMG activity [3] . On the other hand, microinjection of the cholinergic agonist carbachol into the BF, which may affect both cholinergic and noncholinergic neurons, has been reported either to suppress the REM sleep induced by the pontine application of carbachol [8] or to evoke muscle atonia [4] . Lesions of cholinergic BF neurons in rats by immunotoxin 192 immunoglobulin G-saporin has been shown to significantly suppress cortical activation as defined by reduced high-frequency EEG activity, but does not affect the overall sleeping and waking behavior [1] . However, morerecent studies have shown only minor EEG changes after extensive BF cholinergic-specific lesions [9, 10] .
In the BF, the cholinergic neurons comprise only w5% of the total cell population, while GABAergic neurons account for w35%, and glutamatergic neurons w55% [11] . Therefore, stimulation of the BF may have different effects on sleepwake behavior because of the activation of heterogeneous neurons. We found that the selective activation of ch-BF neurons was sufficient to evoke immediate SWS-to-waking transitions ( Figures 1B, 2A , and 2C and Movie S1) and prolong wakefulness ( Figures 2H, 3 and 4) , providing a direct causal link between ch-BF neurons and both cortical activation and waking behavior, as judged by the increased EMG activity and behavioral arousal.
Interestingly, we found that light stimulation of ch-BF neurons evoked wakefulness only from SWS but not from REM sleep (Figures 1D, 2G , and 2H), in contrast to the results obtained from photostimulation of noradrenergic neurons in the locus coeruleus or hypocretin neurons in the lateral hypothalamus, which induce wake transitions from both SWS and REM sleep [12] [13] [14] . Furthermore, activation of ch-BF neurons promoted SWS-to-REM transitions (Figures  2A and 2C ) and prolonged the REM sleep episodes ( Figure 2H ). These results indicate that ch-BF neurons work in a way different from other arousal-promoting systems.
Cholinergic neurons in the laterodorsal tegmental nucleus (LDT) and pedunculopontine tegmental nucleus (PPT) of the brainstem, which mainly project to the thalamus and to a lesser extent to the BF [15] , have been suggested to play a critical role in REM sleep and are regarded as ''REM-on'' neurons [16, 17] . Notably, although EYFP expression was strong and stable in the BF, very weak or no expression of EYFP was found in the LDT/PPT in the ChAT mice we used ( Figure S4 ). The result that most of the cholinergic BF neurons were Fos positive after BF photostimulation ( Figure S1F ) was also consistent with the light-induced direct activation of cholinergic neurons in the BF, rather than the secondary effects of activation of cholinergic terminals from LDT/PPT neurons projecting to the BF.
The results that the ratio of light-induced transitions from SWS to wakefulness or to REM sleep did not significantly differ from that of natural transitions ( Figure 2E ) indicate that the main effect of cholinergic BF neuron activation is to terminate SWS so that the transition to the next episode is permitted, whereas the type of transition (to wakefulness or to REM sleep) may be determined by cooperation of the ch-BF neurons with other arousal-sleep control systems [7, 13, 14, [18] [19] [20] [21] [22] [23] . It has been suggested that cholinergic neurons stimulate cortical activation in association with muscle tone when orexinergic neurons are also active, but stimulate cortical activation with muscle atonia when orexinergic neurons are silent [7] . Further studies are required to address this issue.
Sustained stimulation (1 hr) of ch-BF neurons had a delayed long-term effect on sleep and wakefulness, which occurred mainly during the inactive period, whether the stimulation was applied during the active or inactive period. Sleep is known to be regulated by two basic physiological processes: sleep homeostatic need and the circadian rhythm [24] . The circadian rhythm did not change in the sustained light-stimulated mice (Figures 3 and 4) . Furthermore, sleep homeostasis regulation cannot explain this delayed change, because sleep deprivation during 1 hr of light stimulation should increase rather than decrease the SWS during the poststimulation period. A waking drive or the arousal system has recently been suggested as the third component regulating sleepiness, and insomnia is considered to be a disorder of hyperarousal [25] [26] [27] [28] . Thus, the elevated arousal level induced by the sustained light stimulation of ch-BF neurons may contribute to this delayed prolongation of wakefulness and decrease of SWS during the poststimulation period.
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